Introduction
To visualize inside opaque materials, X-ray computed microtomography (XCMT) has become more and more popular since its invention more than thirty years ago [1, 2] . 3D views of various materials [3, 4] are obtained in a non-destructive way. Reconstructed volumes give invaluable indications on the structure of metallic [5] , ceramic [6, 7] , cementitious [8] , cellular [9] materials. Damage mechanisms [10, 11] and cracks [12, 13] are also analyzed through direct visualization.
It is also possible to load samples in situ [14] . An additional analysis consists in using the reconstructed volumes themselves to evaluate displacements. The latter are for instance measured by resorting to marker tracking [15] . Another technique consists in local correlations [16, 17] , in which small interrogation volumes in two scans are registered [18] . An alternative route to local approaches is provided by global correlation techniques [19, 20, 21, 22] . The latter will be used herein. In all these cases, the kinematic analysis relies on scans taken at different times. Consequently, they may be corrupted by various phenomena such as reconstruction artifacts, beam hardening, and (for a cone-beam geometry) uncontrolled motion of the source with respect to the sample due to thermal expansion of the set-up during operation. This is the case of lab tomographs.
In Section 2, the main causes of artifacts related to tomography are discussed. Section 3 introduces the basic principles of volume correlation. The way the measured displacements are post-processed to evaluate the effect of different artifacts is discussed. Section 4 is devoted to the effect of temperature variations of the X-ray tube on measured displacements. In Section 5, the effect of reconstruction (so-called ring) artifacts on the performance in terms of standard displacement uncertainty is assessed. 3 The influence of beam hardening corrections are studied in Section 6. Last, all these effects are finally considered in Section 7 when a tensile test on nodular graphite cast iron is performed. In particular, the extraction of elastic parameters is discussed and correction procedures are validated.
Tomography
In the present section, the basic principles of X-ray tomographic imaging are briefly summarized (see for example [23, 24] for an exhaustive presentation of the technique) and the specificities of a tomography set-up that uses a laboratory micro-focus X-ray source (lab-CT) are analyzed with an emphasis on artifacts arising from this kind of device.
Because tomography is a non destructive technique, the changes in a sample submitted to various experimental environments can be studied in situ with a volume large enough to yield statistically relevant information. Therefore, in the last 15 years, X-ray CT, originally developed for studies in the medical field, has found more and more applications in materials science (see for example [25] for a recent review of various applications). This increasing interest in tomography and the difficulty to have access to synchrotron facilities have prompted for lab-CT development. This tool has now become widespread for materials characterization, and a precise knowledge of its possibilities and limitations is mandatory whenever accurate and quantitative results are sought.
Although various experimental set-ups are used to perform X-ray tomography, the basic principles of the technique remain the same, namely, an X-ray beam is sent onto a sample mounted on a rotator, a series of N radiographs (herein called a scan) corresponding to N angular positions of the sample (360 • rotation in the case of lab-CT) in the beam is recorded on a detector that is generally a CCD camera in modern tomographs. Those radiographs are used by a reconstruction software to obtain the 3D distribution of the linear X-ray attenuation coefficient µ within the sample. This distribution forms the 3D reconstructed volume. The value of µ depends on the X-ray photon energy as well as on the material density and atomic number so that the contrast in CT images is usually given by differences in absorption between phases or constituents with different compositions or densities.
A lab-scale tomograph is composed of a source, i.e., an X-ray tube (micro-or nanofocus), a sample manipulation system that allows for accurate positioning and motion of the sample (3 translations + 1 rotation). A 2D flat panel detector converts X-rays into digital radiographs stored in a computer. The X-ray tube produces a polychromatic and conical beam whose divergence is used to monitor the image magnification by moving the object relative to the source (the magnification equals the source to detector distance divided by the source to sample distance). The spatial resolution is however limited by the size of the focal spot due to a penumbral blurring effect. A smaller spot size is required for high resolution images, at the expense of the delivered flux (inducing longer scan times).
One of the most basic artifact that are found in tomographic images is caused by the reconstruction software using a wrong reconstruction axis. Hence, prior to reconstruction, the position of the projection on the CCD detector of the sample rotation axis has to be determined accurately. The determination of the "actual" position of the rotation axis is usually left to the user who eventually validates visually the software alignment procedure by looking at reconstructed slices.
Another so-called "ring-artifact" is also frequently observed in tomographic images.
Among other causes, it may be due to defective elements of the detector (e.g., elements delivering a non-linear signal) or inhomogeneities in the X-ray beam. Such defects appear on each recorded projection of the sample and produce a ring-shaped contrast centered on the rotation axis in the reconstructed image. Because of the higher angular sampling of the sample close to the rotation axis, ring artifacts are more pronounced towards the rotation axis. A flat-field correction routinely applied on the projections using the "offset" and "gain" images recorded at the beginning of the scan is generally not sufficient to erase these artifacts. These rings may be detrimental to subsequent processing, e.g., segmentation, and thus to quantitative image analyses. The techniques used to remove or minimize these rings are divided into two categories, namely, i) postprocessing of the reconstructed data, i.e., filtering, but then part of the contrast due to high frequency features can be lost [27] , and ii) pre-processing of the data prior to reconstruction, i.e., sinogram processing [28, 29] .
The polychromatic X-ray beam used by lab-CT equipments is the source of another type of artifact called beam hardening. The polychromatic beam, when traversing a sample, loses the less energetic of its photons that are absorbed, and therefore the mean energy of the transmitted X-ray beam is higher than that of the incident beam.
In practice, long ray paths being more attenuating than short ones, an artificial darkening (resp. brightening) at the centre (resp. edges) of the sample is observed on the reconstructed images impeding, for example, a direct conversion of the gray levels in values of the attenuation coefficient µ. Several solutions have been proposed to reduce beam hardening artifacts, the most classical of which consists in using a thin metallic foil (typically 1 mm-thick or less of copper or aluminium sheets) to filter or "preharden" the beam. The price to pay for this filtering is a decrease in X-ray flux that might result in a lower signal to noise ratio. Imperfect motions of the rotation stage, motions of the specimen (e.g., insufficiently clamped specimens or living specimens) and motions of the X-ray emission spot are also sources of artifacts on reconstructed images. The sample translations that occur during a scan due to mechanical instabilities or inaccuracies of the sample translations are compensated for by processing the projections. For example, in the reconstruction software used in this work, an image compensation routine allows for "manual" corrections to be applied, namely, shifting and scaling of the last projection (360 • ) is applied by the user until a good match (assessed by eye) is obtained with the first projection (0 • ). However, no correction is possible for a tilt that would arise from wobble or eccentricity of the rotator or sample mount. Such artifacts are all the more important when the magnification is high. For nanofocus tubes that enable for magnifications up to 1000, air bearings and piezo elements are preferred for accurate sample rotation and manipulation. 6 In lab-CT, only a small fraction of the energy of the electron beam impinging on the W target is converted into X-rays, the remainder is dissipated into heat. During a scan acquisition, X-rays are continuously emitted for several tens of minutes and the temperature of the X-ray tube may increase by about 10 • C. If several scans are performed in a row, as usually occurring during in situ studies, the X-ray tube has no time to cool down after one scan, and its temperature increases with the number of scans, i.e., with time. The situation is exactly similar in the case of a single long scan, which is often necessary when high resolution (voxel size < 1µm) is sought.
This increase in temperature induces thermal expansion of the X-ray tube assembly.
In turn, thermal dilation causes small geometric motions of the X-ray emission point.
These motions can occur in the plane perpendicular to the beam or parallel to it. In the latter case, the source to sample distance steadily decreases during the scan and alters the magnification of the recorded radiographs. Although the displacement of the X-ray tube with respect to the sample is very small, its effect on the radiographs is amplified by geometrical magnification.
In practice, therefore, images with resolutions in the micrometer or sub-micrometer range require that the temperature variation and subsequent expansion of the tube are either controlled or corrected prior to reconstruction. Salmon et al. [30] have proposed to correct shifts in the plane perpendicular to the X ray beam on individual radiographs. The shifts are determined by registering the n th radiograph of the scan with the corresponding one (same angular position) of a fast scan (a few angular positions) recorded at the end of the experiment. This correction procedure increases the quality of images and has also an effect on the recorded gray level histograms of various samples / materials. The motions of the source along the beam direction are however not considered by the authors. It will be shown in Section 4 that such motions are also to be taken into account when successive reconstructions or scans are to be compared quantitatively.
The experiments reported in this study are performed using a CT system V-Tomex (Phoenix X-ray) fitted with a nanofocus tube (W target) whose acceleration voltage is adjusted from 40 to 160 kV, and whose focal spot size is tuneable from 6 µm to 1 µm.
The material of the present study, i.e., cast iron (see reference [21] for a description of the material), being strongly attenuating, the tomography experiments are carried out with a rather large spot size, i.e., 3.5 µm, and a 95 kV acceleration voltage to ensure a 10 % transmission of the X-ray beam through the 1. Although artifacts possibly affecting image reconstructions have been listed above, reconstructed images will be trusted in the sequel (without specific pre-corrections) but compared to each other to evaluate displacements by resorting to volume correlation.
Consequences in terms of sinogram pre-corrections, albeit certainly desirable, will not be investigated herein.
Volume Correlation
A reconstructed volume is represented as a discrete function f (x) giving the gray level at each voxel position x. For the ease of presentation, such functions will be considered as the discrete sampling of a continuous (interpolated) function. Digital volume 8 correlation (DVC) consists in registering two volumes with the help of a displacement field to be measured. The conservation of the local texture between the reference f and deformed g volumes is given by
where x is the position vector, and u the sought displacement vector. The texture conservation hypothesis is not strictly satisfied. In particular, 3D volumes obtained by XCMT are the results of a numerical reconstruction procedure that induces artifacts listed in Section 2. The difference, g(x+u(x))−f (x), or correlation residuals, quantifies the quality of volume registration.
When two volumes f and g are considered, the measurement problem consists in evaluating u as accurately as possible. To measure u, the quadratic difference
and minimized with respect to the unknown degrees of freedom of the measured displacement field. In the following, a 3D finite element kinematics is selected for the sought displacement field u. The simplest shape functions are used, namely, trilinear polynomials associated with 8-node cube elements (or C8-DVC). More details on the correlation procedure can be found in Ref. [19] . The size of each element is denoted by so that the total number of voxels per element is 3 .
DVC is used in order to extract significant mechanical quantities from experiments [32, 21, 22] . In the present study this tool is utilized to analyze and possibly correct for artifacts due to reconstruction and/or temperature variations of the X-ray tube. In the following sections two types of analyses are used:
-when a rigid body motion is applied to the sample, the mean and root mean square (RMS) of the displacement field are assessed. The standard displacement uncertainty is then interpreted as a global evaluation of the measurement uncertainty and some additional effects that call for corrections, whenever possible, 9 -once the effect of an artifact has been included, or when the actual displacement is not simply a rigid body translation, corrections are proposed to reduce measurement "errors." The measured displacement is then projected onto a basis that contains the rigid body motion and the suspected field associated with an artifact
where u i is the interpolating displacement field, u 0 the mean translation, ω the corresponding rotation vector, and the dilatational strain component. After the contribution of each of these elementary displacements has been calculated by means of a least squares minimization, the RMS of the difference between measured and interpolating displacement fields quantifies the effect of the proposed correction.
This strategy is successively applied to quantify and further correct the effect of temperature variations of the X-ray tube, ring artifacts, and beam hardening.
Temperature variations of the X-ray tube
In the present operating conditions, acquiring a complete scan of a sample lasts typically 45 minutes. If several scans are acquired successively, X-rays are emitted for about an entire day so that the temperature of the tube may vary by several tens of Celsius degrees from the first to the last scan. Variations of magnification between each radiograph, and more importantly between two scans are therefore expected. This may impact quantitatively the procedures of tomographic image acquisition with a lab tomograph that is not running 24 h / day.
The following analysis is proposed to quantify this effect. A series of scans of the same unloaded sample are acquired successively. The sample was not moved. The displacement fields with respect to the very first scan are measured by using DVC and further processed. Due to the variation of the magnification induced by the temperature variation of the X-ray tube, an homothetic transformation is looked for. The measured displacement field is thus projected in a least-squares sense onto a basis that contains the rigid body motions (i.e., three translations, and three rotations) and a (spurious) scalar dilatational strain inducing a dilatational displacement field u = x (see Equation (3)).
As an example, for the last scan of series #2 (Figure 3a) , the following values are obtained 
where ∞ is the steady state correction to be performed when the whole warm-up duration is concerned. Figure 3a shows that significant levels are reached when kinematic measurements are sought. For instance, for an in situ tensile test the apparent (measured) strains are expressed as
where a l is the apparent longitudinal strain, t l the apparent transverse strain, σ the In some other cases, the reference scan is acquired at time t ∆ , later than the beginning of warm-up, so that a strain increment ∆ is to be considered
where ∞ has to be adjusted depending on the temperature at the time of the reference image. In the present case no air conditioning system was used. It is assumed however that the characteristic time τ is a constant feature of the system. The parameters ∞ and τ are determined by considering the three previous series (Figure 3b) . The values of the steady state strain range from 3.7 · 10 −3 to 4.5 · 10 −3 . The time t ∆ is equal to 40 min for the second series, and 170 min for the third series. These values are consistent with the time durations between the beginning of warm-up and when the acquisitions actually started. For series #3, three scans were performed before the acquisition of the first point of Figure 3a . The time lapse between switching on the X-ray tube and data collection amounts to 173 min. For series #2, one scan was acquired by another user before the experiment was started (i.e., a time lapse of 40 min). Last, the characteristic time is equal to 130 min. This result shows that a warm-up time of about three hours is required to avoid spurious strain levels greater than 10 −3 . It is confirmed by analyzing the third series (Figure 3a) . A warm-up time of about five hours leads to dilatational artifacts less than 4 · 10 −4 in terms of strain levels.
Ring artifacts
The reconstruction is an anisotropic process that distinguishes axial and radial directions (see Section 2) because of the very principle of tomography. Differences on the uncertainty level along the rotation axis or in an orthogonal plane are expected. To investigate this effect, a sample is translated inside the tomograph by using either the motor-driven rotation stage or manually with the goniometer on which the sample is mounted. Two cases are distinguished, namely, a longitudinal translation (along the rotation axis), and a transverse translation (perpendicular to the rotation axis).
Translation along the rotation axis
The sample is translated along the rotation axis (using the motor-driven stage) by a value of about 9 voxels. When the measured displacement field is interpolated, two or three contributions given in Equation (3) are considered. Figure 4 shows the change of standard displacement uncertainties prior to and after corrections as a function of the size of the elements chosen for C8-DVC. For each case, the standard displacement uncertainty is a decreasing function of the element size. When compared with the a priori analysis for which translations are applied artificially on a ROI of 384 × 384 × 384 voxels (using a cubic spline interpolation of gray levels [19, 22] ), the uncertainty level is significantly higher (Figure 4 ). Further, even though a decreasing power law is obtained in ideal cases, a saturation of the uncertainty is observed in the experimental case.
From the raw uncertainty curve (i.e., without any rigid body and dilation corrections), the correlation error is predominant for small element sizes (less than 12 voxels).
The latter arises from the fact that image correlation is an ill-posed problem, meaning that smaller elements give less regularization and thus higher uncertainty levels are observed [19] . For element sizes greater than 12 voxels, the influence of tomography 13 artifacts is dominant. Consequently, the standard displacement uncertainty becomes independent of the element size.
After correcting for the dilatational strain, the saturation level of the uncertainty is lower but still present. If the rotations are also accounted for, a further decrease of the saturation is obtained. The rotation correction does not affect the z-component (z being the rotation axis) but only x-and y-components. It therefore seems that ring artifacts make the correlation algorithm detect a rotation about the rotation axis. It is confirmed by the values of the identified rotation components when 16-voxel elements are chosen
This value is significantly greater than the repositioning error (of the order 13 · 10 −5 rad).
To validate this whole analysis, in particular the resolution in terms of the degrees of freedom associated with the interpolation given in Equation (3), the displacement uncertainty σ u associated with each node of 16-voxel elements (i.e., = 16 voxels)
is of the order of 0.08 voxel (Figure 4) . By interpolating the measured displacement field, it is possible to evaluate an order of magnitude of the uncertainties associated with a rotation component, say ω z , and that of . In the present case, the ROI is a square containing 2n + 1 nodes (with n = 12). By neglecting the correlations between measured degrees of freedom [34] , the rotation uncertainty σω becomes
and that associated with
When −n ≤ i, j, k ≤ n, i,j,k x 2 i = i,j,k y 2 j = i,j,k z 2 k = n(n + 1)(2n + 1) 3 2 /3.
Consequently, when σ u = 0.08 voxel and n = 12, σ ω ≈ 4 · 10 −6 rad, and σ ≈ 14 3.2 · 10 −6 . These levels show that the values found above are significantly higher than the resolution of the measurement technique. They are therefore deemed trustworthy.
Translation perpendicular to the rotation axis
In the same spirit as above, a translation orthogonal to the rotation axis is applied by the operator using the manual goniometer. Figure 5 shows that without correction or by correcting for the dilation only, the uncertainty level is higher than in the previous case. By looking at the correlation residuals ( Figure 6 ), two sets of rings are observed, which means that the correlation fails at achieving a perfect match between the two images in the regions where ring artifacts appear. This is caused by the fact that the position of the rotation axis is different in the sample before and after its motion. It is worth mentioning that ring artifacts are observed in the original image ( Figure 1 ), but they appear more clearly on the correlation residuals. After rotation correction, the uncertainty level is similar to that observed in the previous case. This means that the spurious rotation is even more pronounced in the case of a translation orthogonal to the rotation axis. The rotation correction has now an influence on three components, which is understandable from the identified rotation for 16-voxel elements
Note that even with artifact corrections, the uncertainty evaluation that could have been performed using an artificial translation of the image still underestimates the true uncertainty of the measurement (about three times, see Figures 4 and 5 ). Yet, without corrections, this ratio increases to more than one decade. A significant part of that offset can be attributed to the very nature of the (reconstructed) volumes and their associated artifacts when compared to the performances observed with 2D pictures [35, 36, 37] .
From the analyses of the present section, it is concluded that in the experimental conditions of this work, the displacement uncertainty for 16-voxel elements is less than 15 0.08 voxel. The standard uncertainty of the mean normal strain per element is less than 3.5 · 10 −3 , that of an average rotation per element is less than 2.5 · 10 −3 rad. Last, for the considered ROI containing 24 3 elements, σ ω < 4 · 10 −6 rad, and σ < 3.2 · 10 −6 .
Beam hardening
As illustrated by Figure 7 , beam hardening affects the image reconstruction on the boundary of the sample. This can be corrected during the reconstruction process. Its influence can also be seen on the gray level histogram. In the present paper, the software that is provided with the tomograph is used as a "black box." In Figure 7 , the effect of the beam hardening correction (BHC) is clearly observed. The image is sharper and some perturbations on the histogram have been erased.
To quantify the effect of the beam hardening correction, the uncertainty study is performed only for the longitudinal translation. The results are shown in Figure 8 . The standard displacement uncertainty are compared before dilatational strain correction, rotation correction when the analysis is performed with reconstructed volumes with or without the beam hardening correction. It is concluded that the beam hardening correction has a negligible effect on the displacement uncertainty.
Strain measurement
Last, an in situ tensile test is performed on a smooth sample. The strains that are applied to the specimen are sought. The previous procedure is applied again. If an infinitesimal strain tensor is directly searched for (in addition to translations and rotations) by considering the raw displacements, the following results are obtained
while the relative projection error is 1 percent. The loading axis being aligned with k, this result is completely erroneous. Due to the linear dependence between the mechani-cal basis and the dilation basis, the correction and fit are performed in two steps. First, a projection is computed onto a basis that includes three translations, three rotations, the artificial dilatational strain and a displacement field describing a uniaxial tensile
where ν is Poisson's ratio of the material. For the maximum applied load level, the dilatational strain = 3.7 · 10 −3 , and the longitudinal strain ε kk = 1.1 · 10 −3 . This first prediction of the longitudinal strain is at least three times less than the dilatational strain, which explains why the first results were wrong.
From this first projection, the dilatational strain is known, and the displacement corrected for this artifact is then projected onto a basis that contains three translations, three rotations and a field corresponding to a uniform strain state. The infinitesimal strain tensor then becomes
The identified strain tensor is now consistent with the tensile load that is applied to the sample, the strain derived from the global measurement (i.e., stroke of the crosshead) being 1.0 · 10 −3 for the maximum load level. Figure 9 shows the change of strains as a function of the applied load. Without correction, the longitudinal strain ε kk is significantly overestimated due to dilatational effects. Further, the dilatational strain does not depend on the applied load but on time and its effect is thus increasing during the test. This trend is consistent with the observations of Section 4 ( Figure 3 ). After correction of this artifact, there is a very good agreement between the corrected strain and that derived from the global measurements (based upon the crosshead stroke). With the eigen strains of the corrected strain tensor ε 1 ≤ ε 2 < ε 3 , the identified value of Poisson's ratio is ν = −(ε 1 +ε 2 )/2ε 3 = 0.27, which is consistent with the known value of 0.28 [38] . Young's modulus is found to be equal to 156 GPa in good agreement with classical values of SG cast iron (160 ± 3 GPa [38] ).
Conclusion
X-ray computed tomography is a very powerful tool to visualize opaque materials.
When the scans are further processed to measure displacement fields using DVC, it has been shown herein that special care should be exercised. This is particularly true for lab equipments in which divergent beams are used.
First, if the temperature of the X-ray tube is not controlled, it may induce distance variations that result in magnification changes and thus spurious dilatational strains whose maximum level (here observed to be of the order of 0.4 %) impedes any quantitative (and therefore trustful) displacement measurement. In the present case, it was shown that the elastic properties of a cast iron cannot be evaluated without a correction of the displacement field. This correction was also needed when stress intensity factors were sought in similar experiments on cracked samples [21] . In both cases, it allowed for quantitative estimates of mechanical parameters. It should however be emphasized that this artifact also impacts image reconstruction, although this effect has not been considered in the present study.
Second, because of the principle of tomography, reconstruction (ring) artifacts are observed. It was shown that they degrade the overall performance in terms of measurement uncertainties whose level is close to the decivoxel range, rather than the centipixel range when optical images are used [35, 36, 37] . Consequently, the identification of elastic properties becomes more delicate, even though possible as shown herein when analyzing a tensile test on cast iron.
Third, in lab tomographs polychromatic beams are usually used. They lead to socalled beam hardening effects. Commercial tomographs are generally provided with correction procedures whose details are not given to the users. In the present case, it was shown that in terms of displacement uncertainty, there is no need to correct the reconstructed volumes. 18 Last, to quantify all the previous effects, the procedure followed herein is generic and can be considered as a baseline analysis to better characterize a new equipment, or an existing one when quantitative analyses such as displacement measurements are performed. Among the three effects studied herein, the spurious dilatational strains are definitely the most important to correct. Fig. 9 Strains as functions of the load level for DVC measurements with and without corrections. The dilatational strain is also plotted. Its level is more important than the longitudinal (mechanical) strain.
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